(73.5"F)] is being developed as a building material with latent heat storage for passive solar and other applications. Impregnation was accomplished simply by soaking the wallboard in molten wax. Concentrations of wax in the combined product as high as 35% by weight can be achieved. Scale-up of the soaking process, from small laboratory samples to full-sized 4-by 8-ft sheets, has been successfully accomplished. The required construction properties of wallboard are maintained after impregnation, that is, it can be painted and spa&led. Long-term, high-temperature exposure tests and thermal cycling tests showed no tendency of the paraffin to migrate within the wallboard, and there was no deterioration of thermal energy storage capacity.
. -I. illillX ;"..k.."j__.l_ In support of this concept, a computer model was developed to handle thermal transport and storage by a phase change material (PCM) dispersed in a porous media. The computer model was confirmed by comparison with known analytical solutions and also by comparison with temperatures measured in wallboard during an experimentally generated thermal transient. Agreement between the model and known solution was excellent. Agreement . .."~ I. -, -,l..lzb* *l._*.*__ * ch limM,h.as &a',: a.-.,MUpm I between the model and thermal transient was good, only after the modeiwas modified to allow the PCM to melt over a temperature range, rather than at a specific melting point. When the melting characteristics of the PCM (melting point, melting range, and heat of fusion), as determined from a differential scanning calorimeter plot, were used in the model, agreement between the model and transient, ,data was very good. The confumed computer model may now be used in conjunction with a building heating and cooling code to evaluate design parameters and operational characteristics of latent heat storage wallboard for passive solar applications.
l.INTRODUClI~N
Passive solar energy refers to a solar energy concept in which radiant energy is collected, stored, and released by natural means and does not involve mechanical devices such as pumps, blowers, storage vessels, and associated piping and ducting. A typical passive solar building may have large, south-facing, double-or triple-glazed windows to allow the solar radiation to enter the building and massive floors and walls to capture and store the radiation as heat. Subsequently, the floors and walls will release the stored heat as the occupied air space begins to cool. In this situation, thermal energy is stored as sensible heat, that is, the thermal energy storage (TES) is achieved by increasing the temperature of the storage media.
A common occurrence with passive solar heated buildings is that the TES component (floor, walls) can overheat, and the occupied space becomes uncomfortable.
A solution to this problem might be to reduce the size of the windows, but this would decrease the thermal performance of the passive solar system. However, to be cost effective, the thermal performance of the solar system must be as high as possible. The same logic also applies to other passive solar concepts such as Trombe walls and sun spaces. The common thread in all these applications is that the mechanism for TES is the senstble heat content of the massive storage medium.
An alternate mechanism for TES is to use the latent heat of fusion of a phase change material (PCM). Energy storage would be achieved by melting the PCM, and energy recovery would be achieved by freezing the PCM. Both energy storage and recovery take place at a constant temperature: the melting point of the PCM. Storage media with heats of fusion in the order of 232 kJ/kg (100 Btu/lb) are readily available [e.g., heat of fusion for ice water is 335 kJ/kg (144 Btu/lb)]. A pound of such material would require 105 kJ (100 Btu) to melt;
this is a substantial amount of heat. Comparatively, one pound of brick, which has a heat capacity of 0.84 kJikg."C (0.2 Btu/lb*OP), would have to increase in temperature by 278°C
(500°F) to store the same amount of heat. The energy storage density obtainable with a PCM may be very high, and both energy storage and recovery take place at a constant temperature.
A PCM with a substantial heat of fusion and a melting point slightly above room temperature would be an ideal storage media for the passive solar application. The isothermal nature of the storage process could prevent overheating on a warm and sunny winter day. The high energy storage density could be used to convert low-mass building materials (e.g., wallboard) into materials with a high thermal mass. Other concerns are that the PCM must be chemically, physically, and biologically inert; stable; relatively cheap; and easily incorporated into conventional building materials. It has been demonstrated that the paraffins may be tailored by blending to obtain the desired melting point (Ref. 6 ). There are two commercial methods of manufacturing octadecane. First, octadecane may be prepared by an ethylene polymerization process. This method yields a purer material at a cost of $3.30 to $3.%/kg ($1.50 to $1.8O/lb). The second process is based on the fractionation of petroleum refining residues. This method,yields a less pure product, but at a cost of $0.66 to $l.lO/kg ($0.30 to $0.5O/lb).
UDRI selected conventional gypsum wallboard as the TES structural material of choice for its studies. The follwoing two methods were developed to incorporate paraffin into gypsum wallboard.
1. Wallboard immersed in molten octadecane will soak up the paraffin like a sponge. Simple immersion can yield a product containing up to 35% paraffin by weight of the composite.
Higher concentrations may be obtained by exposing the wallboard to a vacuum before immersion and/or pressurizing the molten paraffin after immersion.
2. Solid pellets of cross-linked high-density polyethylene (HDPE) also absorb octadecane like a sponge. Exposing HDPE pellets to molten paraffin for 1 h at 80°C (175°F) results in a pellet that contains 80% paraffin by weight of the composite. These pellets can then be added to the mix of materials used in the manufacture of gypsum wallboard. Paraffin concentrations in wallboard product equivalent to the first method can be obtained.
Both methods of incorporating octadecane into wallboard are of commercial interest.
The first method has the advantage that the paraffin may be added to fabricated wallboard and the wallboard manufacturer need not be involved. This method is of particular interest for concept development efforts because the researcher may prepare his own samples as required. The second method is of more interest to wallboard manufacturers because it . . 1 involves less disruption to their manufacturing process. The pellets could be prepared elsewhere and simply added as another component to the gypsum mix used in the manufacture of wallboard.
The development of wallboard with latent heat storage includes a coordinated set of projects directed toward the ultimate commercialization of this product. These projects consist of 1. scale-up of the immersion process from small laboratory samples to full-sized sheets of wallboard 2. demonstration of the physical and thermal stability of paraffin-impregnated wallboard, that is, showing that the paraffin does not migrate when thermally cycled and exposed to higher temperatures and that the storage capacity is maintained; 3. measurement of the thermal conductivity of wallboard impregnated with paraffin; and 4. development and validation of a computer model that will handle thermal transport and storage of a melting and freezing material.
These tasks are being addressed by Oak Ridge National Laboratory (ORNL) through the DOE-TES Program. This report will address the findings and current status of each of these tasks. Additional work is under way at (1) UDRI to investigate flammability and the effect of fire retardants on the flammability of wallboard impregnated with paraffin and (2) OFWL to model a passive solar building to determine the true thermal and cost effectiveness of these materials.
. 5
SCALEJJPOF IMMERSION PROCESS
The initial development work on this coqcept was conducted by UDRI, which typically worked with small-laboratory&e samples of wallboard, for example, 0.093 m2 (1 ft") or less.
As interest in the concept intensified, it became necessary to have a source of full-size sheets [1.22 by 2.44 m (4 by 8 ft)] of impregnated wallboard for experimental purposes. Because the immersion process is the most convenient, an effort was initiated at ORNL to prepare fullsize sheets of wallboard impregnated with octadecane using this process. It was necessary to determine whether the amount of paraffin absorbed could be control@ and how uniformly it is distributed throughout the wallboard.
To accomplish this task, a heated pan large enough to accommodate a 1.22-by 2.44-m (4 by 8-ft) sheet of wallboard was fabricated and filled with molten octadecane paraffin.
') "..1" --.e ..**I*... .~ I *,, *""*'I.'I*vI * .,. .LI lli i _' I_ /".;_ <~~.*.ww..~ I...".r. w,zL_ .,___. I Wallboard was laid in a frame that featured a wire support bed for the wallboard. An ~ _. overhead crane was used to immerse the frame and wallboard into the paraffin. Figure 1 '.,.a _.%". .(..,. * shows a full-sized sheet being lowered into the paraffin. In these initial experiments, the It appeared that, during the soaking period, paraffin was being absorbed through the flat surfaces, displacing air, and forcing it out the edges. Note from Fig. 2 that the immersion times for full-sire sheets are quite close to the immersion time for 0.093-m2 (l-ft2) samples to obtain a desired concentration. The significance is that the absorption rate per square foot of surface must be almost independent of size and that the edge effects must be minimal.
This would seem to confirm this absorption mechanism.
The uniformity of paraffin distribution was demonstrated by the following experiment. After immersion, the average weight of the squares was 1090 g with a standard deviation of only 12.1 g. Note that the scribe and break technique for cutting wallboard results in a jagged edge, but no material is lost as it would be from a saw blade kerf. The irregularities of the rough edge could account for some of the standard deviation. The conclusion is that octadecane paraffin distribution across the flat surface is quite uniform.
Red dye (Oil Red 0) was added to the paraffin so that the wallboard could be broken and the penetration of the paraffin observed visually. Immediately after immersion, the paraffin was observed to be concentrated near the surfaces. However, if the wallboard was Having demonstrated that the amount of paraffin absorbed could be controlled by the immersion time and that the paraffin was uniformly distributed throughout the wallboard, some 50 full-size sheets were prepared. This production effort involved wallboard of three thicknesses (l/4, 112, and S/8 in.) and three concentrations of paraffin in each thickness (15, 20, and 30% by weight). About half the sheets were sent to UDRI for thermal cycling and stability tests (discussed in Chap. 3), and about half were retained by ORNL for internal development activities (discussed in Chap. 4). Before these impregnated wallboards were used for any purposes, they were stored in an environmental chamber at 52°C (125°F) for one or more days.
Some time later, a second production effort resulted in the impregnation of an additional 110 full-size sheets of wallboard In this case, the wallboard was supplied by the National Gypsum Company in two thicknesses (l/2 and S/8 in.); the paraffin was supplied by the Witco Chemical Company, which manufactures paraffin by fractionation of petroleum refining residues. In this second production effort, the molten paraffin was maintained at sheets were sent to UDRI for flammability studies, but some were retained by ORNL for internal activities.
3. THERMALsTAB~.TEsIs __, r.l. _i",l_.
.
Full-size sheets of wallboard impregnated with octadecane paraffin were tested for their thermal and physical stability at UDRI. The tests consisted of exposing impregnated , ..,-.A".. ^_'e, wallboard to two kinds of thermal environments. In one test, several full-size boards were .a,-r . . . . e._. ,.. mounted vertically and exposed to a constant elevated temperature for an extended period of time. In the other test, several small samples of wallboard were thermally cycled above and below the octadecane melting point. Cycling was achieved by successively blowing warm air and cold air across the samples. Two kinds of cycling were involved. In cycle A, heating was achieved by blowing warm air on o,ne side of the boards, Subsequently, cold air was blown -.". ;< -.,._ l.-a"laN.". rrrur...a**Ae,e.+&,&&~ across the other side of the. board. In cycle B, warm and cold..@ were successively blown across the same side at the board. In all the tests described in this section, U.S. Gypsum -1.*.w..w_D -,.,'.*""e*,-Y.\_ '.H"ww&dur.;n~~~~~~~ ~~~~:*~ .~. ,. -, wallboard impregnated with Humphrey Chemical Company technical grade octadecane paraffin was used. The purpose of these tests was to determine whether these thermal exposures will result in migration of paraffin or a deterioration of its thermal properties, and to assess the possibility of any problems. This research is described in detail in Ref. 7 .
The high-temperature exposure facility is shown in Fig. 3 This weight loss must result from evaporation of the paraffin. Based on the average -._ . monthly weight loss from Table 1 Another indication of paraffin evaporation was that small, oily droplets were observed on the cooler hinges and door wall of the test chamber. DSC analysis confirmed that these oily droplets were octadecane paraffin. The evaporation of paraffin is not considered a serious problem for the TES wallboard concept for several reasons. In actual application, the exposed surfaces would normally be painted or covered with plastic or aluminum wall covering, thus impeding the evaporation. If evaporation is a concern, then the back surface could also be painted or covered. Secondly, the exposure temperature of 38°C (100°F') is considerably higher than the material would risk in actual application. Finally, UDRI has several small samples impregnated up to 30 wt % paraffin that have been stored in their laboratory for over 2 years; these have shown no measurable weight loss.
Detailed visual examination of the wallboards at the end of the test showed no other evidence of paraffin migration. For example, there was no evidence of paraffin accumulation at the bottom or near the edges of the wallboard DSC measurements of impregnated wallboard core samples were made before and after the high-temperature exposure test. The core samples were obtained with a 2.54-cm (l-in.) core drill. After removal of the cover paper, each sample was homogenized with a mortar and pestle and the DSC sample taken from the homogenized mix. The DSC was operated at a heating and cooling rate of 1OWmin (18"F/min). Each sample was cycled three times in the DSC, and the recorded parameter value was the average from the three cycles. Results of these tests showed expected experimental scatter in the heat of fusion measurements, but based on average valves, showed no signs of deterioration over the duration of the test.
The thermal cycling facility is shown in Fig. 4 (a) with the access door closed and in An unexpected phenomenon was the appearance of paraffin frost on the cooler surface of the samples. Figure 5 is a photograph of the frost on sample Cl (30% paraffin).
The frost seemed quite similar to hoarfrost that one sees ona,.cold_@ter morning. Figure 6 is a close-up photograph taken at ORNL. For perspective, the bottom half of the photograph represents a small area about 5 by 13 cm (2 by 5 in.) of the surface of a sheet of wallboard.
A mechanical pencil is outlined with its.point resting on the edge of the wallboard. It can be seen that the frost structures stand 0.25 cm (0.1 in.) high. During the A cycle tests, virtually all the panels developed some frost. Although highly visible, only a very small amount of paraffin was involved. Two of the panels were brushed and w,ashe+l with methylene chloride.
After this treatment the frost did not reappear. Thii observation leads, to the belief that " . .._. . _., ".^m.a, frosting is a phenomenon possibly related to oversaturation-of the surface paper. Tests by ,. I .-UDRI show that acrylic latex paint stopped the frosting. It should be noted that frosting was considerably less with Witco paraffin (fractionated from petroleum residues) in National Gypsum wallboard than with Humphrey's paraffin (from ethylene polymerization) in U.S.
Gypsum wallboard.
Concerning the potential for paraffin-impregnated wallboard .., / commercialization, frosting is corisider~~to' 'be a'bhenomenon for which a sohrtion should be fairly easily and economically attainable. 
THERMALPlxFORMANCE
Considerable effort was directed toward determining and assessing the thermal performance of wallboard impregnated with octadecane paraffin. These efforts consisted of numerous DSC determinations by UDRI, measurements of thermal conductivity, and development and confirmation of a computer model that will accommodate thermal transport and storage of heat in a building material containing fixed PCMs. Ultimately the computer model will be incorporated into an existing building heating and cooling model, and the thermal performance of PCM-impregnated wallboard for the passive solar application will be determined.
Figures 7 to 10 show DSC results for the paraffins used in this program, and Table 3 summarizes the results for these plots. In most cases, two plots are shown: one with a 0.2"C/min (0.36"F/min) temperature ramp rate and the other with a 2.0°C/min (3.6"F/min) ramp. Because of thermal lag in the instrument, the measured melting temperature is always higher than the measured freezing temperature. This difference decreases as the temperature ramp decreases. Table 3 includes the average of the measured melting and freezing temperatures and is a good indication of the "handbook" melting point. Table 4 shows the distribution of ndecanes in the source material. Note that because the Humphrey Technical .
Grade octadecane is manufactured from polymerization of ethylene, its homologue contents are all numerically even. Because the Witco Technical Grade octadecane is manufactured by fractionation of petroleum residues, it contains all the homologues, but the amount peaks at C-18. Note that these concentrations are not necessarily for the material used in these tests but are representative of the technical-grade products.
The DSC plots in Fig. 7 are for the pure product. Figure 8 shows DSC plots for the Humphrey's octadecane. They both show a single melting temperature, but two freezing temperatures. Noteworthy is that the melting and freezing process occurs over a range of a few degrees Centigrade. Figure 9 shows DSC plots for the Witco octadecane. A second peak also shows up in this material, but it takes place at about 0°C (32°F) and may represent a solid-phase transition. Finally, Fig. 10 inside a "picture frame" of a material with a similar or lower thermal conductivity. The lateral area of the assembly is sufficiently largeso that near the center of the assembly the heat flow is axial and edge effects may be neglected. Thus guard heaters are not required. The facility was built such that the minimum thickness that can be ,tested &*,> -3.8 cmA:( -1 l/2 in.).
Therefore, when the 1.27-cm (0.5~in.) wallboard was tested, a stack of four sheets was required above and below the screen wire heater.
The thermal conductivity of wallboard containing 0, 15, and 30% paraffin (U.S.
Gypsum Wallboard and Humphrey Chemical Company paraffin) was measured. The measurements were made with 1.27-cm (0.5in.) wallboard; the results are shown in Fig. 12 (Ref. 8) . Note that the thermal conductivity of the composite is 3 to 5% less when the paraffin is molten ,than when it is frozen. The UTHA was also used to generate experimental thermal transient data that were used to confirm the computer model. The procedure was as follows: first, the stack of eight sample sheets ofwallboard (four above and four below the ,.
heater) was allowed to become isothermal at a temperature below the melting point of the paraffin. During this period the heater was turned off and the temperature of the wallboard stack was controlled by the cooling coils. Thermocouples were placed on the heater, between each sheet of wallboard, and between the wallboard and. copper cooling plate. Five of T, would be in good agreement; however, the predictions of Tn would be inaccurate.
Based on these results, it was concluded that the ability of WALL88 to handle sensible heat transients has been verified.
The capability of WALL88 to accommodate latent heat was verified by comparing its results to a known analytical solution. r1 The physical situation for which a solution is known is a semiinfinite volume of immobile liquid at its melting point. At time equal to zero, the surface of the semii&nite solid is fixed at a temperature below the melting point, and the liquid starts to freeze. The derived equation relates the temperature in the solid phase to distance and time. For this calculation we have taken the liquid to be initially at -6.7"C (2O"F), which is also its melting point. At time equal to zero the surface was fured at -17.78"C (0°F). Other parameters are heat capacity = 1.47 kJ/kga"C (0.35 Btu/lb*"F), conductivity = 0.835 lcJ/h*m@"C (0.134 Btu/heft*OF), density = 1.0 g/cm3 (62.4 lb/ft3), and heat of fusion = 58.8 kJ/kg (25.3 Btu/lb). The temperature profile in the solid was then computed after 4 h; results are shown in Fig. 15 . The agreement is quite good, and it was concluded that the ability of WALL88 to predict temperature response for this case has been verified.
Nevertheless, it was believed that the best confirmation of WALL88 would result from its comparison with an experimentally produced transient. Thus, the transient with wallboard containing 30% paraffin was repeated. At this occurrence, the initial temperature was 22.5 "C (72.5"F), which is below the melting point of about 23.O"C (73.5"F) (see Table 3 (0.134 Btu/h~ft@°F)., 'As shown in Fig. 16 , the measured and computed temperatures do not agree. An important observation is that the computed temperatures tend to level off at the melting point [23.3"C (74.0°F)], as one would expect. However, the measured values show no tendency to level off. Other computer runs were made in which various parameters were changed such as the melting point and heat of fusion. In all cases, agreement between measured and computed temperatures was poor. All computer runs showed the same leveling effect at the melting point.
Because of the way in which the computer program handles the melting process, an isothermal process was inadequate for this situation. From the DSC plots, it can be seen that octadecane melts over a range of several degrees. Figure 10 shows that melting of the material used in these tests takes place over a range of -S.S"C (10°F). Because the range of the transient experiments is also -55°C (lOoF), it is obvious that this effect must be accounted for. The computer program was thus modified to incorporate a melting range. The DSC plot used above to obtain melting parameters was obtained with a temperature ramp of 2"C/min (3.6"F/min). From Table 3 it can be seen that slower ramp rates result in somewhat higher melting temperatures. In addition, slower ramp rates tend to narrow the DSC peaks. (Fig. 10) contains two peaks and the triangular heat capacity relationship is based on one peak. The following are a number of conclusions that can be drawn about WALL88 and. the octac&ane paraffin used in. these. thermal tra-ilent. studies.
1. WALL88 was.-.originally developed for a phase change material that melts and freezes at a specific temperature.. In this form, the computer model was verified against known analytical solutions. 2. It was necessary to modify WALLS8 to obtain good agreement with experimentally generated thermal transient data with paraffin. The modification involved changing the melting point to a melting range. Thii was required because DSC analysis, even at very slow temperature ramps, showed that the paraffin melts and freezes over a temperature range of -55°C (10°F). When this change was made, agreement between WALL88 and the heating and cooling transients was very good.
3. An unexpected result of the analysis was that the best agreement between WALL88 and transient data was obtained at a melting point of -26.1"C (79°F) for the heating transient and -23.9"C (75°F) for the cooling transient. Thii was unexpected because the paraffins are considered to be well-behaved as far as thermal performance is concerned, and melting and freezing should take place at the same temperature. There may be a valid explanation for this phenomenon. Chemists knowledgeable in the melting and freezing process contend that some materials must be "taught" how to melt and freeze. A computer model, WALLIB, was developed to study thermal energy transport and storage by a thermal energy storage system based on the latent heat of fusion. The model was validated by comparing it with known analytical solutions. In addition, results of the model were compared with experimentally produced thermal transients in a stack of wallboard t i 41 impregnated with paraffins. To achieve good agreement between the model and experimental data, it was necessary to modii the model in such a way that the paraffin melted over a range of temperature. To accomplish this, the latent heat of fusion was replaced with a triangularshaped heat capacity relationship that looked very similar to the triangular-shaped melting phase of a DSC curve. When th& change was incorporated into the model, the agreement between computed and experimental transient ddta was .very good. w^--,". ,<, In summary, although a few relatively minor problems were identified, no reason has thus far been d-e@ that would prevent the subject wallboard from being used in its .: '". .:. I. : i.: r _ intended application.
